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The complete agreement of inbreeding or coancestry estimations based on genealogical data with
those based on genetic markers in real, non-randomly mating populations has been found in some
studies.  However, on the basis of theoretical analysis many authors emphasise the questionable
value of the inbreeding coefficient based on genealogical data as an exact measure of autozygosity
(homozygosity by descent). The aim of this work was to verify whether inbreeding coefficient is an
appropriate measure of autozygosity in Polish Arab horses, which are a good example of a small
population strongly affected by selection. The analysis was based on pedigree and genetic markers
data. The inbreeding coefficient (F) calculated on the basis of pedigrees was compared with hetero-
zygosity of descendants and the similarity index (SIM2) based on parental genotypes. No significant
correlations between F and heterozygosity, or F and SIM2 were found. Instead, statistically signifi-
cant correlations between the heterozygosity of descendants and that of their parents were found.
This means that the gene frequencies and the level of heterozygosity of offspring were strictly re-
lated to the genotypes of their parents, but not to the level of inbreeding of the descendants. This
statement seems to undermine the credibility of the inbreeding coefficient as a measure of homozy-
gosity in Polish Arabs. Marker-based estimations have been found by other authors to be a useful
tool for evaluating the autozygosity of a given individual when pedigree data are not available.
However, the results obtained indicate the necessity of using both pedigree and marker-based esti-
mations with the utmost care.
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The inbreeding coefficient is generally used to measure homozygosity of a popu-
lation. Wright [1922] defined it as the correlation between uniting gametes and  Malécot
[1948] as the probability that two homologous alleles in an individual are identical by
descent. Both definitions refer to a randomly mating, unselected population. This fact
is very often omitted in publications concerning the inbreeding coefficient of domestic
animals. Meanwhile, selection is of great importance in forming the gene pool of every
real population, especially that of domestic animals. Analyses of theoretical models
indicate the decisive significance of the influence of selection on the level of genetic
variability [Lacy 1987, Curik et al. 2001]. Selection can have various effects leading
to a decrease or increase in the initial level of heterozygosity. As is shown in theoreti-
cal simulations [Lacy 1987], directional selection leads to a decrease in variability to a
level below that expected in random mating. Meanwhile, balancing selection allows
for the maintenance of the initial level of variability, and even after some generations
its level is higher than that under random mating.

Many authors emphasise the questionable value of the inbreeding coefficient based
on genealogical data as an exact measure of autozygosity, i.e. homozygosity by de-
scent. Falconer [1981] points out that the inbreeding coefficient expresses the real
level of homozygosity only when factors which affect it, especially selection, do not
occur. Curik et al. [2001] demonstrate that, depending on the direction of selection
and the initial gene frequency, discrepancies are present in both directions, thus leading
to the over- or underestimation of the observed autozygosity level. It occurs, therefore,
that the value of the inbreeding coefficient as a measure of autozygosity is strictly
dependent on the  influence of selection on a population. However, as has been found
in some studies, the full agreement of inbreeding or coancestry estimations based on
genealogical data with those based on genetic markers in real, non-randomly mating
populations may exist. Pitra et al. [1996] found in Asian wild horses that the inbreeding
coefficient based on pedigree data was in good agreement with that based on DNA
fingerprinting variability. Ellegren [1999], in his study on a captive population of grey
wolves, showed that microsatellite allele sharing correlates closely with relatedness,
as does individual heterozygosity with the inbreeding coefficient. Similar results, which
are evidence of the significant correlation between genealogical coancestry and esti-
mations using molecular information, were obtained in Thoroughbred horses
[Cunningham et al. 2001] and in Iberian pigs [Toro et al. 2002]. These results lead to
the question of whether each non-randomly mating population exhibits the same con-
cordance between genealogical and genetic markers estimations.

The purpose of this work is to verify whether the inbreeding coefficient is a correct
measure of homozygosity of Polish pure-bred Arabian horses. The Arabs, bred in Po-
land since the early nineteenth century, are a good example of a small, closed and
highly-related population. The most important features of the population are its re-
stricted size, the small number of founders, the high proportion of the founders present
in all pedigrees, and the long-term absence of the inflow of unrelated breeding mate-
rial [G³a¿ewska and Jezierski 2004]. These factors led to the high level of relationship

I. G³a¿ewska et al.



623

of the horses. Avoiding the mating of close relatives is one of the criteria of choosing
parental pairs by the breeders. Nevertheless, only one out of 10 stallions is used for
breeding. Moreover, the discrepancy in breeding use of sires, which induces further
increase of relationship, takes place [G³a¿ewska  2004].

Materials and methods

Pedigree analysis

The data analysed came from 46 sires and 339 brood mares from Polish national
studs, which were bred from 1987 to 1992, and their matings. These included 819
successful matings, which produced a weaned foal, and 255 unsuccessful matings
(�barren mares�, �abortions� and �dead foals� subgroups, the latter includes still-born,
dead or eliminated foals). The pedigree data file was completed based on the Polish
Arabian Stud Book (PASB), genealogical charts by Skorkowski [1960] and Rozwadowski
[1972], and the publication by Kwiatkowski [1993]. The Wright [1922] inbreeding
coefficients (F) were computed based on whole pedigrees, i.e. including all genera-
tions until the founders, using GENES version 11.8 software [Lacy 1998].

Genetic markers analysis

Genetic marker analysis was carried out at the Institute of Genetics and Animal
Breeding, Jastrzêbiec, as a routine test of parentage control. The alpha-1-beta glyco-
protein (A1B), albumin (Al), carbonic anhydrase (CA), serum esterase (Es), vitamin-
D-binding protein (Gc), glucose phosphate isomerase (GPI), protease inhibitor (Pi), 6-
phosphogluconate dehydrogenaze (PGD), phosphoglucomutase (PGM) and transfer-
rin (Tf) systems were analysed for the parents and their 819 offspring.

The results were analysed statistically with BIOSYS-2 software (Swofford and
Selander 1981, modified by Black 1997). The observed heterozygosity (Ho), direct
counting, and expected (He) heterozygosity, assuming Hardy-Weinberg equilibrium,
within particular ranges of inbreeding of descendants were computed for offspring
and their parents. The weighted frequencies of parental genotypes (i.e. weighted with
the number of each parent�s offspring) were taken into account.

To estimate differences in gene frequencies between parents and offspring, the
genetic identity (I) was calculated according to Nei [1972] using BIOSYS-2 software.

Individual heterozygosities (Hi) as a proportion of heterozygous loci were calcu-
lated for the offspring. The evaluation of heterozygosity of descendants was also car-
ried out indirectly by estimating the similarity of parental genotypes using similarity
index SIM2 [Toro et al. 2002].  SIM2 was calculated as the total number of equal
alleles in a pair of individuals (0, 1 or 2), divided by twice the number of loci analysed.

The correlations between inbreeding coefficient (F), heterozygosity, and similar-
ity index  (SIM2) were computed using MICROSOFT  EXCELL 97 software.
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Results and discussion

Inbreeding coefficient

The lowest and highest F values varied greatly in every group and ranged from
0.40% to 21.00% in the successful matings group. The F values in the unsuccessful
matings group were as follows: 0.44%-21.28% in the �barren mare� subgroup, 0.18%-
13.78% in the �abortion� subgroup, and 0.34% - 18.26% in the �dead foal� subgroup
(not tabulated).

Heterozygosity

The observed and expected heterozygosities in offspring and their parents as well
as the values of genetic identity between descendants and parents within every range
of inbreeding are shown in Table 1. No significant correlation was found between the
inbreeding coefficients and the Ho of descendants based on average values within the
ranges of inbreeding (r=0.2476, P=0.3934) or on individual data (r=0.0637, P=0.0683).
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The mean observed heterozygosity was higher than that expected in both descend-
ants and parents, with the latter being more heterozygous. There was also a high level of
genetic identity (I) between descendants and parents irrespective of the inbreeding level
(F) of the former. The lowest I value (0.983) was estimated for the >1%-2% inbreeding
range, while it varied from 0.994 to 1.0 for the remaining inbreeding ranges. The I value
calculated for the total of the ranges for both descendants and parents was 1.0. This means
that the difference in the heterozygosities between  descendants (Ho=0.328) and parents
(Ho=0.340) was not accompanied by significant differences in gene frequencies, which
could be reflected in the decrease of genetic identity between the two groups.

Significant correlations were found between the Ho of descendants and that of
parents, between the Ho of descendants and the He of parents and also between the He

of descendants and the He of parents (Tab. 2).

7DEOH� ��� &RUUHODWLRQV� �U�� EHWZHHQ� REVHUYHG� �+R�� DQG� H[SHFWHG� �+H�

KHWHUR]\JRVLWLHV�RI�GHVFHQGDQWV�DQG� WKHLU�SDUHQWV��FRPSXWHG�RQ

WKH�EDVLV�RI�+R�DQG�+H�JLYHQ�LQ�7DEOH��

2IIVSULQJ 3DUHQWV

*URXS

+H +R +H

2IIVSULQJ +R U ������

3 ������

U ������

3 ������

U ������

3 ������

+H U ������

3 ������

U ������

3 ������

3DUHQWV +R U ������

3 ������

Similarity index

In the second stage of analysis, the homozygosity of matings was estimated indi-
rectly by calculating SIM2. Firstly, it was checked whether SIM2 is an appropriate
measure for evaluating the heterozygosity of matings by comparing individual hetero-
zygosities of offspring (Hi) and the values of SIM2 based on their parents� genotypes.
A significant, negative correlation between Hi and SIM2 was found (r=0.4075;
P=0.0000) in the 819 successful matings which confirms the usefulness of SIM2 for
present purposes.

Table 3 shows the SIM2 values referred to the level of inbreeding within each type
of mating. In no cases were significant correlations found between F and SIM2. Calcu-
lations were also done separately for each gene (data not shown), but significant rela-
tionships were not found in any case.

The level of autozygosity of the population was evaluated using two parameters.
The first was heterozygosity (Ho) calculated on the basis of the genotypes of descend-
ants born in the analysed period, and the second was the similarity index (SIM2) com-

Autozygosity in Polish Arab horses



626

7DEOH����0HDQ�LQEUHHGLQJ�FRHIILFLHQWV��)��DQG�VLPLODULW\�LQGH[HV��6,0���LQ�WKH�JURXSV�GLIIHULQJ�LQ�PDWLQJ�UHVXOWV

8QVXFFHVVIXO�PDWLQJV

EDUUHQ�PDUHV DERUWLRQV GHDG�IRDOV WRWDO

6XFFHVVIXO�P

�RIIVSULQJ

5DQJH�RI

LQEUHHGLQJ

���

Q )���� 6,0� Q )���� 6,0� Q )���� 6,0� Q )���� 6,0� Q )����

���

!���

!���

!���

!���

!���

!���

!���

!���

!����

!�����

!�����

!�����

!��

�

�

�

��

��

��

��

��

��

�

�

�

�

�

����

����

����

����

����

����

����

����

����

����

�����

�����

�����

�����

������

������

������

������

������

������

������

������

������

������

������

������

������

������

�

�

�

�

�

�

�

�

�

�

�

�

�

�

����

�

�

����

����

����

����

����

�

����

�����

�����

�����

�

������

�

�

������

������

������

������

������

�

������

������

������

������

�

�

�

�

��

��

�

��

��

�

�

�

�

�

�

����

����

����

����

����

����

����

����

����

����

�����

�����

�

�����

������

������

������

������

������

������

������

������

������

������

������

������

�

������

��

��

�

��

��

��

��

��

��

��

��

�

�

�

����

����

����

����

����

����

����

����

����

����

�����

�����

�����

�����

������

������

������

������

������

������

������

������

������

������

������

������

������

������

��

��

��

��

���

���

���

��

��

��

��

��

��

��

����

����

����

����

����

����

����

����

����

����

�����

�����

�����

�����

�

�

�

�

�

�

�

�

�

�

�

�

�

�

7RWDO ��� ���� ������ �� ���� ������ �� ���� ������ ��� ���� ������ ��� ���� �

&RUUHODWLRQ


3

������

������

������

������

�������

������

������

������

������

������


&RUUHODWLRQ�FRHIILFLHQW��U��EHWZHHQ�)�DQG�6,0���FRPSXWHG�RQ�WKH�EDVLV�RI�LQGLYLGXDO�GDWD�

I. G
³a¿ew

ska et al.



627

puted on the basis of parental genotypes. The agreement was expected between the
inbreeding coefficient (F) and the homozygosity of an individual (Hi) as manifested in
the significant negative correlation between F and H and/or significant positive corre-
lation between F and SIM2. Instead, irrespective of the measure used - either heterozy-
gosity or SIM2 � no significant correlations between the F of a given individual and its
homozygosity were found. The lack of the expected correlation between F and the
heterozygosity of weaned foals might suggest that a considerable number of matings
that lead to the higher autozygosity of descendants culminate in barrenness or abortion
or in the death of the foal prior to the age at which genetic markers analysis is carried
out. For obvious reasons, it is impossible to investigate genetic markers in most cases
of unsuccessful mating. Therefore, the heterozygosity of potential offspring was esti-
mated indirectly by evaluating SIM2. However, the negative results for both success-
ful and unsuccessful matings were also obtained with this method.

The analysis confirmed the very high level of genetic identity (I) between descend-
ants and their parents, independent of the level of inbreeding. It was also confirmed that
the heterozygosity of descendants was significantly correlated with the heterozygosity of
their parents, involving both observed and expected heterozygosities. These results indi-
cate that gene frequencies and heterozygosity in offspring are strictly related to the geno-
types of their parents, but not to the inbreeding level of descendants.

It is noteworthy that in both descendants and parents the mean Ho was higher than
the He. The Ho predominated over the He in 9 out of 14 ranges of inbreeding in the
descendants and in 13 out of 14 ranges in the parents (Tab. 1) indicating that the partial
elimination of homozygotes might occur at the prenatal stage as a result of natural
balancing selection. In addition to natural selection, which is expressed through the
higher mortality of homozygous individuals, selection based on breeding preferences
(breeder decisions and fertility differences) occurs at further stages and favours more
heterozygous horses. As is demonstrated by G³a¿ewska [2004], the statistically sig-
nificant preference of less inbred Arab stallions while being selected for the breeding
stock has been noted in the space of fifty years of Polish breeding. Also, the level of
allozyme heterozygosity of the female offspring chosen for breeding is higher than
that of non-breeding mares (authors� unpublished data).

The fundamental goal of Polish Arab breeding is to maintain the true desert type
of horse, which embodies great beauty, soundness and racing stamina. The additional
selection criterion for sires is their perceptibly higher vitality. This set of features seems
to be subject to balancing rather than directional selection, the latter of which com-
monly appears in animal breeding. It may be supposed that selection, which leads to
the partial elimination of homozygotes in Polish Arabs, occurs in every succeeding
generation. Although the selection pressure in every generation is weak, it seems to be
of basic importance for the genetic variability of the analysed population because of
its long-term impact [Falconer 1981]. It should be pointed out that the inbreeding
coefficients used in this study were calculated on the basis of whole pedigrees (even
back to the 20th generation) so they reflect long-term selection pressure. As is shown
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in theoretical simulations [Lacy 1987, Curik et al. 2001], balancing selection leads to
higher heterozygosity than is expected in a randomly mating population. This then
leads to the discrepancy between the real level of homozygosity and that expected on
the basis of the inbreeding coefficient. The results of the present study confirm the
above theoretical expectations.

Unlike Polish Arabs, statistically significant correlations between pedigree and
genetic markers estimations were found in Asian wild horses [Pitra et al. 1996], grey
wolves [Ellegren 1999], Iberian pigs [Toro et al. 2002] and Thoroughbred horses
[Cunningham et al. 2001]. Selection performed within these populations differs from
that applied in Polish Arabs. Asian wild horses, grey wolves and Iberian pigs are ex-
amples of endangered populations subjected to conservation programmes whose main
goal is to maintain an unchanged level of genetic variability. The basic criterion of
selection in Thoroughbreds is racing performance, which indicates directional selec-
tion in the breed. This type of selection leads to higher homozygosity than that ex-
pected in a population under random mating. The results presented in this work and
those from the articles cited seem to confirm that the reliability of the inbreeding
coefficient as a measure of autozygosity is strictly conditioned by the influence of
selection on a given population.

Ellegren [1999] found marker estimations to be a useful tool for evaluating the
autozygosity of an individual when pedigree data are not available. However, the re-
sults of the present study indicate that pedigree- or marker-based estimations should
be used with the utmost care. Such caution is also motivated by the results of theoreti-
cal simulations [Baumung and Sölkner 2003], which clearly show that the credibility
of the estimation is dependent on the number of animals subjected to analysis, the
length, completeness and correctness of pedigrees and the number of genetic markers
used. All these factors can have significant influence on the findings.
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Czy wspó³czynnik inbredu jest wiarygodn¹ miar¹
autozygotyczno�ci polskich koni arabskich?

S t r e s z  c z e n i e

Wielu autorów opracowañ teoretycznych zwraca uwagê na w¹tpliw¹ warto�æ wspó³czynnika inbredu
jako �cis³ej miary homozygotyczno�ci �przez dziedziczenie� (autozygotyczno�ci). Jednak¿e w pewnych
publikacjach potwierdzono pe³n¹ zgodno�æ miêdzy poziomami inbredu i pokrewieñstwa oszacowanymi
na podstawie rodowodów a oszacowanymi na podstawie markerów genetycznych. Celem pracy by³o
sprawdzenie, czy wspó³czynnik inbredu jest w³a�ciw¹ miar¹ autozygotyczno�ci polskich koni arabskich.
W analizie wykorzystano dane rodowodowe oraz genetyczne. Warto�ci wspó³czynnika inbredu (F),
obliczonego na podstawie rodowodów, porównano z heterozygotyczno�ci¹ potomków oraz warto�ciami
wska�nika podobieñstwa SIM2, obliczonego na podstawie genotypów rodziców. Stwierdzono brak korelacji
miêdzy porównywanymi parametrami. Zaobserwowano natomiast istotne zale¿no�ci miêdzy
heterozygotyczno�ci¹ potomków a  heterozygotyczno�ci¹  ich rodziców. Oznacza to, ¿e frekwencja genów
i heterozygotyczno�æ potomków s¹ �ci�le powi¹zane z genotypami rodziców, a nie z poziomem inbredu,
obliczonym na podstawie rodowodów. Tym samym uzyskane wyniki wydaj¹ siê podwa¿aæ wiarygodno�æ
wspó³czynnika inbredu jako �cis³ej miary homozygotyczno�ci  polskich koni  arabskich.

Szacunki oparte na analizie markerów uznawane s¹ przez ró¿nych autorów za u¿yteczne narzêdzie
oceny autozygotyczno�ci danego osobnika w sytuacji, gdy brakuje danych rodowodowych. Jednak¿e
przedstawione wyniki wskazuj¹, ¿e przy wnioskowaniu o autozygotyczno�ci osobnika, zarówno na
podstawie wyników analizy genetycznej jak i  analizy rodowodowej, nale¿y zachowaæ daleko posuniêt¹
ostro¿no�æ.
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